Although hypoxemia may play some role, 3 much attention has focused on the role of arousals, which typically occur at the termination of each apnea, hypopnea, or transient period of increased respiratory effort. 4, 5 Arousals induced experimentally and designed to approximate those seen in sleep-disordered breathing (SDB) can cause excessive daytime sleepiness. 6, 7 However, clinical studies repeatedly fail to find close associations between rates of apneic events or scored arousals and measures of excessive daytime sleepiness. [8] [9] [10] Part of the reason may be that many patients, and especially children, do not always show visually recognizable electroencephalography (EEG) arousals after apneic events. 11 A desire to improve the ability of polysomnograms to predict SDB outcomes has given rise to new equipment and strategies to monitor breathing or breathing effort, such as esophageal pressure monitoring, 12 nasal pressure monitoring, 13 and the forced oscillation technique. 14 Other approaches have focused on nonvisible EEG changes detected by signal analysis, 15-19 on body movements, 20 or on subtle autonomic changes. 21, 22 However, none of these methods, all of which are linked to the concept that discrete apneic events in some way cause sleepiness, have substantially improved the prediction of important SDB outcomes. Meanwhile, some data suggest that information as crude as a history of snoring still predicts sleepiness even after rates of recorded apneic events are taken into account. 23 Among children, a history of snoring more readily distinguishes hyperactive and nonhyperactive children than does full laboratory-based polysomnography. 24 These observations suggest that important aspects of SDB physiology, including some critical links between SDB and sleepiness, remain to be discovered. In this context, we developed a novel hypothesis: that partial obstruction of the many respiratory cycles that occur between scored apneas and hypopneas could cause numerous microarousals, invisible to the human eye, but able to produce significant impact on cortical activity and neurobehavioral outcomes. To test this hypothesis, we developed a computerized signal analysis algorithm that demonstrated respiratory cycle-related EEG changes (RCREC) for the first time. 25 We now explore the physiologic significance and clinical utility of RCREC using data recorded from 10 subjects enrolled in an ongoing study of polysomnographic methods and outcomes in childhood SDB.
INTRODUCTION
OBSTRUCTIVE SLEEP APNEA IS BELIEVED TO CAUSE SLEEPI-NESS IN 3% OF ADULTS, 1 BUT THE MECHANISM BY WHICH SLEEPINESS AND OTHER COGNITIVE CHANGES ARE PRO-DUCED IS NOT COMPLETELY UNDERSTOOD. 2 Although hypoxemia may play some role, 3 much attention has focused on the role of arousals, which typically occur at the termination of each apnea, hypopnea, or transient period of increased respiratory effort. 4, 5 Arousals induced experimentally and designed to approximate those seen in sleep-disordered breathing (SDB) can cause excessive daytime sleepiness. 6, 7 However, clinical studies repeatedly fail to find close associations between rates of apneic events or scored arousals and measures of excessive daytime sleepiness. [8] [9] [10] Part of the reason may be that many patients, and especially children, do not always show visually recognizable electroencephalography (EEG) arousals after apneic events. 11 A desire to improve the ability of polysomnograms to predict SDB outcomes has given rise to new equipment and strategies to monitor breathing or breathing effort, such as esophageal pressure monitoring, 12 nasal pressure monitoring, 13 and the forced oscillation technique. 14 Other approaches have focused on nonvisible EEG changes detected by signal analysis, [15] [16] [17] [18] [19] on body movements, 20 or on subtle autonomic changes. 21, 22 However, none of these methods, all of which are linked to the concept that discrete apneic events in some way cause sleepiness, have substantially improved the prediction of important SDB outcomes. Meanwhile, some data suggest that information as crude as a history of snoring still predicts sleepiness even after rates of recorded apneic events are taken into account. 23 Among children, a history of snoring more readily distinguishes hyperactive and nonhyperactive children than does full laboratory-based polysomnography. 24 These observations suggest that important aspects of SDB physiology, including some critical links between SDB and sleepiness, remain to be discovered. In this context, we developed a novel hypothesis: that partial obstruction of the many respiratory cycles that occur between scored apneas and hypopneas could cause numerous microarousals, invisible to the human eye, but able to produce significant impact on cortical activity and neurobehavioral outcomes. To test this hypothesis, we developed a computerized signal analysis algorithm that demonstrated respiratory cycle-related EEG changes (RCREC) for the first time. 25 We now explore the physiologic significance and clinical utility of RCREC using data recorded from 10 subjects enrolled in an ongoing study of polysomnographic methods and outcomes in childhood SDB.
METHODS

Subjects
Children aged 5.0 through 12.9 years old were recruited at private and university-based pediatric otolaryngology and general surgery clinics in Ann Arbor, Michigan. Inclusion criteria for this Institutional Review Board-approved study included the child being scheduled to undergo adenotonsillectomy (for SDB or other indications) or hernia repair. Children who had clinical need for polysomnography, as determined by their physicians, were excluded from the protocol because test results might have influenced the decision to have the operation, and the study required postoperative follow-up. This exclusion did not prevent many children from participating because locally, and in North America more generally, 90% or more of children who undergo adenotonsillectomy for suspected SDB do not have polysomnography to confirm the diagnosis. 26 Children undergoing hernia repair were thought to be at no increased risk for having SDB and were therefore enrolled as controls. Children were excluded if they had a history of treatment for SDB or severe medical conditions that would preclude polysomnographic assessment. After an explanation about the research and a tour of the sleep laboratory, interested parents signed informed consent and children older than 9 years of age or able to understand the study signed assent. The 10 children whose data are reported below were selected, from among all those studied in this research, in an effort to provide a broad representation of SDB severity. All selections were made before signal analysis procedures were performed. One child's data (Subject 2) are the focus of a companion report. 25 
Procedures
Before the scheduled operation and again 1 year later, each child underwent laboratory-based polysomnography in a large private room with a cot for a parent. Senior technical staff experienced in pediatric polysomnography performed the studies. Children took any medications used at home in recent days, but none used a hypnotic or a stimulant.
Digital polysomnography included 4 EEG channels (C3-A2, C4-A1, O1-A2, O2-A1 of the 10-20 international electrode placement system), 2 electrooculogram channels (right and left outer canthi), chin and bilateral anterior tibialis electromyogram, 2 electrocardiogram leads, nasal and oral airflow (thermocouples), thoracic and abdominal excursion (piezoelectric strain gauges), finger oximetry (SaO 2 , with viewable but not recorded pulse waveform), end-tidal CO 2 , transcutaneous CO 2 , and esophageal pressure monitoring. The latter was performed with a waterfilled catheter, 27 according to methods that have been described in detail 28 and reported to have little or no effect on sleep architecture in adults and children. 29 When a child did not tolerate the catheter, esophageal pressure monitoring was omitted.
All scoring of pediatric records was performed in blinded fashion by 1 technician who has extensive experience with children and holds dual board certification in polysomnography and electroencephalography. Sleep-stage scoring followed standard protocols. 30 Apneas were scored when airflow was absent for at least 2 breath cycles. Hypopneas were scored when at least 2 breath cycles of diminished airflow, chest movement, or abdominal movement were followed by an arousal, an awakening, or a 4% oxygen desaturation. Although respiratory effort-related arousals were scored according to a research protocol, results are not included in this report for 2 reasons: the additional scoring did not show substantially more events than the above-described fairly sensitive criteria for apneas and hypopneas, and the esophageal pressure monitoring was not tolerated in several of the volunteer research subjects.
During the day that followed polysomnography, a Multiple Sleep Latency Test and neuropsychologic battery were administered. 31 Sleep onset for each nap was scored at the first epoch of stage 1 sleep, and nap attempts that contained no sleep were assigned a latency of 20 minutes. The Multiple Sleep Latency Test shows short mean sleep latencies in children with SDB. 32 The cognitive testing included 1 objective measure of attention: the Integrated Visual and Auditory (IVA) Continuous Performance Test, a well-validated assessment based on the Test of Variables of Attention (TOVA). 33 Preliminary data have suggested that the auditory portion is more sensitive to the presence of SDB than is the visual portion, 34 and therefore the auditory score was used in the current analyses. In the late afternoon, the child and parent were sent home, respectively, with a $25 gift certificate to a toy store and a check for $100.
Data Analysis
The RCREC within the first 3 hours of scored sleep in each polysomnogram were quantified, as detailed separately. 25 In short, each respiratory cycle defined by airflow was divided into 4 segments; for each segment, EEG power relative to that within the entire cycle was computed; the mean relative EEG power was calculated across all analogous respiratory cycle segments; and the extent of RCREC was calculated as the maximum difference, for a given subject, between mean relative segment-specific EEG powers. The C3-A2 EEG frequencies within delta (1-4 Hz), theta (5-7 Hz), and alpha (8-12 Hz) ranges were used in the current analyses because these determine sleep and wakefulness, and show RCREC well. 25 The RCREC were compared between the childhood subjects, and before and after the operation. Although a sample size of 10 does not provide adequate power to identify many biologic or clinically important associations, relationships between RCREC and 3 other variables were explored in a preliminary manner with the nonparametric Spearman correlation coefficient rho. These 3 variables were rates of apneas and hypopneas, sleepiness as defined by mean sleep latency on a Multiple Sleep Latency Test, and inattention as defined by IVA auditory omission scores. Analyses were performed with SAS, version 8.01 (SAS Institute Inc., Cary, NC). The significance level was set at P < .05.
RESULTS
Respiratory Cycle-Related EEG Changes
Demographics and clinical data for the 10 children are shown in Table 1 . Five children had obstructive sleep apnea, as defined by more than 1 obstructive apnea per hour of sleep, and 5 did not. In preoperative polysomnograms of 8 subjects undergoing adenotonsillectomy, but not subject 6 (without obstructive sleep apnea) or subject 10 (the 1 control), the spectral power of 1 or more specific frequency bands differed significantly between respiratory cycle segments ( Figure 1 ). For each frequency band, the mean EEG power tended to be lower than average during inspiration and higher than average during expiration, but this segregation was not complete. 25 The tendency of delta and theta power to vary with the respiratory cycle was diminished after the operation in most subjects with preoperative obstructive sleep apnea, but the postoperative change was less consistent among subjects without preoperative obstructive sleep apnea (Figure 2) . The 1 child (subject 1) with severe OSA showed preoperative RCREC that were higher in all frequency ranges than those for all other children. After adenotonsillectomy, subject 1's RCREC fell substantially but retained statistical significance, consistent with the suggestion by standard measures of subtle residual disease (Table 1) . For comparison, another subject (8) showed virtually no obstructive sleep apnea, normal oxygenation, and normal esophageal pressures before and after adenotonsillectomy. Her presurgical data still showed mild RCREC (Figure 1 ), but much less than that shown by subjects 1 and 2.
Correlations Between RCREC and Outcomes
The mean sleep latency was 16.4 ± 2.7 (± SD) minutes before the operation, and 17.4 ± 2.7 minutes after the operation. The mean score on the continuous performance task was 43.5 ± 12.7 before and 43.3 ± 14.5 after the operation.
Before the operation, theta RCREC, but not delta or alpha RCREC, showed a significant association with the apnea-hypopnea index (events per hour of sleep; Table 2 ). In contrast, alpha RCREC correlated inversely with the mean sleep latency on the Multiple Sleep Latency Tests, whereas the apnea-hypopnea index, delta RCREC, and theta RCREC did not. No polysomnographic variable correlated significantly with the IVA measure of auditory attention.
After the operation, the decrement in the apnea-hypopnea index was correlated with the decrement in theta RCREC (Table 3 ). The change in apnea-hypopnea index did not predict changes in mean sleep latency or auditory attention. In contrast, the decrement in theta RCREC and particularly the decrement in delta RCREC did predict decreased sleepiness (Table  3 and Figure 3 ). The decrement in delta RCREC showed more promise, in comparison to the change in the apnea-hypopnea index, as a predictor of improved attention (rho = -0.54, P = .11 vs rho = -0.07, P = .84 respectively).
DISCUSSION
This study of 10 children shows for the first time that variation of EEG power within nonapneic respiratory cycles may occur frequently, carry physiologic significance, and prove clinically useful. Subjects with clear polysomnographic evidence of SDB all showed statistically significant delta or theta RCREC. The RCREC in delta and theta ranges usually improved after adenotonsillectomy. Comparisons between subjects must be considered exploratory, given the small sample size. However, theta RCREC varied together with the apnea-hypopnea index. Alpha RCREC did not, but instead predicted at least 1 important outcome of SDB-objectively measured daytime sleepiness-better than did the apnea-hypopnea 118 Figure 1 -The magnitude of respiratory cycle-related EEG changes (RCREC) for delta and theta frequencies was usually higher before surgery (black bars) than after the operation (white bars) among those subjects with obstructive sleep apnea (S1 through S5) but showed smaller and less consistent differences after the operation among those subjects without obstructive sleep apnea (S6 through S10). *analysis of variance P < .01, ** P < .001, *** P < .0001 for the statistical significance of RCREC within each polysomnogram; each symbol refers to the within-subject comparisons of respiratory cycle segment-specific EEG powers during 1 polysomnogram (under the assumption that these powers follow an F-distribution; see caveat 25 ).
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index. After the operation, the decrements in delta and theta RCREC, in comparison to the decrement in apnea-hypopnea index, better predicted decreased sleepiness. The decrement in delta RCREC showed more promise as a predictor of improvement in attention. These findings are not the first to link SDB neurobehavioral outcomes with abnormalities of deep non-rapid eye movement (NREM) sleep in the early part of the nocturnal sleep period. Adults with SDB have been shown to have reduced delta power in early-night sleep cycles. 15 Ten adults with severe obstructive sleep apnea showed increased slow wave activity during NREM sleep of the first and second nocturnal sleep cycles after successful treatment with continuous positive airway pressure. 35 Furthermore, the amount of slow wave activity during the first NREM cycle correlated inversely with daytime sleepiness on pretreatment Multiple Sleep Latency Tests (r = 0.56, P = .045). Treatment of SDB in these subjects restored a more natural gradient in slow wave activity across the night, from high amounts initially to lower amounts in subsequent cycles. No data were given on other neurobehavioral outcomes, or on the ability of the polysomnographic measures to predict response of sleepiness to treatment. A previous study by the same group showed that 14 untreated adults with obstructive sleep apnea, when compared to 10 controls, had increased slow wave activity during REM sleep and wakefulness 36 : these changes, unlike those during NREM sleep, did not correlate with daytime sleepiness. Treatment improved sleepiness and the abnormalities in slow wave activity, but correlations between these changes were not reported. The current findings extend the previous by showing that not only the total amount of slow wave activity, but also its constancy or variability during the early nocturnal sleep period may have important impact on neurobehavioral morbidity. In the 2-process model of sleep regulation, sleep and wakefulness are the products of interaction between a circadian process and a homeostatic process reflected by slow wave activity. 37, 38 We speculate that SDB may prevent homeostatic sleep-drive dissipation that depends on uninterrupted slow wave activity early in a nocturnal sleep period. In patients with SDB, slow wave activity may be forced into other states-such as wakefulness and REM sleep-possibly to the detriment of important daytime functions, such as alertness.
Our data provide some support for this hypothesis but cannot prove it. The RCREC were discovered in an attempt to assess whether brief nonvisible microarousals occurring on a breath-to-breath basis could contribute to neurobehavioral morbidity in SDB. However, confirmation that RCREC do in fact exist did not prove that they represent microarousals. 25 Several observations do suggest face validity: RCREC involve EEG frequencies used to distinguish sleep and wakefulness 30 ; the RCREC frequencies that correlate best with reversible morbidity (delta range) are those suspected to play central roles in the restorative function of sleep 39 ; the critical duration and frequency of occurrence that arousals must attain to exert clinical consequence has never been determined; and arousals reflected by autonomic measures but not visible EEG occur with apneas and can contribute to daytime sleepiness. 21, 40 Current data also provide criterion validity, at least for theta RCREC, as this measure did correlate with the standard apnea-hypopnea index. However, ideally a measure with novel clinical utility should correlate imperfectly with currently available measures, and to a stronger extent with important outcomes: the delta RCREC seem to do just that. Finally, our data suggest construct validity in 2 ways. Convergent validity is suggested by evolution of RCREC, after adenotonsillectomy, in tandem with objective changes in sleepiness and perhaps attention. Divergent validity is suggested by the observation that the subject who underwent hernia repair rather than adenotonsillectomy was 1 of only 2 participants who showed no significant preoperative RCREC.
If breath-to-breath microarousals can contribute to morbidity in SDB, then several important implications arise. The RCREC could help to explain health-related effects of non-apneic snoring. The Wisconsin Sleep Cohort showed weak association between the rates of apneas and hypopneas, a standard measure of SDB severity, and excessive daytime sleepiness. 1 The Sleep Heart Health Study showed that the apnea-hypopnea index was associated with subjective sleepiness scores, but again only weakly: the most severe indexes were associated with a sleepiness score of 9, on a scale that ranges from 0 to 24, whereas the least severe indexes were associated with a score of 7. 41 The same study later showed 
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that snoring still predicts sleepiness after recorded rates of apneas and hypopneas are taken into account. 23 Children who snore but do not have obstructive sleep apnea still show cognitive deficits, inattention, and hyperactivity, [42] [43] [44] and their behavior can improve after adenotonsillectomy. 45 The presence of undetected upper airway resistance syndrome in some of these samples may help to explain excess morbidity in snorers not screened for this subtle form of SDB. 12, 46, 47 However, preliminary data from this laboratory suggested that esophageal pressure monitoring, when used to define subtle respiratory event-related arousals, did not substantially improve prediction of neurobehavioral morbidity in children. 34 Neither did minimum SaO 2 , a visible EEG arousal index, or endtidal CO 2 monitoring. Therefore, if RCREC does improve prediction of outcomes, it would enhance the clinical utility of polysomnography and might help to explain how SDB could affect cognition and behavior. An automated RCREC analysis, in comparison to visual scoring, could offer added advantages of real-time speed, reliability, and economic savings. The current study was subject to several limitations. Only children were included, and the extent to which the findings may provide insight into adult SDB and its morbidity remains unknown. However, RCREC have been assessed and demonstrated in 1 adult with obstructive sleep apnea (unpublished data). The number of pediatric records described here was small, and too many statistical comparisons between subjects were performed to allow these results to be considered definitive. Some of the subjects without obstructive sleep apnea who were undergoing adenotonsillectomy may have qualified for a diagnosis of upper airway resistance syndrome in some protocols, and both forms of SDB, at least in adults, can show spectral analysis differences in comparison to normal subjects. 15 The early portion of the night that we analyzed probably contained relatively little REM sleep. However, it most likely contained high amounts of slow wave sleep, essential for the recuperative function of sleep, 39 and therefore most likely to show respiratory cycle-related changes that could affect neurobehavioral outcomes. Preliminary analyses of entire-night data did not improve statistical significance of identified RCREC. 25 Lastly, the concept of RCREC and the algorithm used to identify it were developed and tested in the current sample. Confirmation of our conclusions will require demonstration of similar results in a new sample.
An optimal new metric with clinical utility should improve prediction of important outcomes and prove simple, reliable, and affordable enough for widespread use. The RCREC identified in this report shows some promise in each of these areas. However, the algorithm clearly requires further investigation and development. Data from additional patients, normal individuals, other EEG derivations, and different analysis techniques may allow development of more efficient algorithms to assess breathing and cortical function during most of the night rather than the minority spent in a state of apnea or visible arousal.
